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Enzyme-Independent NO Stores in Human Skin:
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Megan Mowbray1, Sara McLintock2, Rebecca Weerakoon2, Natalia Lomatschinsky2, Sarah Jones2,
Adriano G. Rossi3 and Richard B. Weller1
Nitric oxide (NO) has many functions in the skin, including the mediation of inflammation and antimicrobial
defense, wound healing, regulation of keratinocyte homeostasis, and regulation of apoptosis following UV
radiation. NO is synthesized by a family of NO synthase enzymes, but its rapid release following UV exposure
suggests the existence of preformed stores. NO can be converted into nitrite or nitrosothiols that are stable
until cleaved by UV to release NO. Using dermal microdialysis, suction blister epidermal samples, and sweat
collection, we demonstrated cutaneous concentrations of total NO-related products of 12±5.97 mM,
0.03±0.03 mmolmg1 epidermal protein, and 22±9.34 mM, respectively. The predominant oxyanion was nitrate
(60–75%) followed by nitrite. S-Nitrosothiols were barely detectable. Serum total NO-related products
correlated directly with those of the upper dermis and sweat (R2¼ 0.62 and 0.3, respectively). UVA irradiation
(10mWcm2) increased the yield of NO-related products by microdialysis, peaking after 30minutes. Dialysis
with noradrenaline abrogated this rise. Both the skin and the dermal vasculature contain biologically significant
stores of NO, particularly nitrite, which can be directly mobilized by UVA irradiation. The level of circulating
NO-related products probably determines skin-bound stores.
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INTRODUCTION
Nitric Oxide (NO) has important physiological properties in
the skin. It is involved in the promotion of wound healing
(Yamasaki et al., 1998; Lee et al., 1999; Witte et al.,
2002a, b), control of keratinocyte proliferation and differ-
entiation (Krischel et al., 1998), regulation of hair follicle
activity (Wolf et al., 2003) and of cutaneous inflammation
and immune reactions (Bruch-Gerharz et al., 1998; Mowbray
et al., 2008). It also has antimicrobial activities (Mancinelli
and McKay, 1983; Adams et al., 1991; Liew et al., 1991;
Cenci et al., 1993; Klebanoff, 1993; Jones-Carson et al.,
1995; Wei et al., 1995). NO plays a major role after UV
radiation in the development of erythema (Warren, 1994),
edema (Teixeira et al., 1993), and melanogenesis (Romero-
Graillet et al., 1996, 1997). We have previously shown that
autologous NO protects against UV-induced apoptosis in
murine skin (Weller et al., 2003).
NO is formed endogenously by three NO synthase
enzymes (Moncada and Higgs, 1993). Two constitutive and
one inducible NO synthase isoenzyme exist, each of which
has been isolated in human skin (Becherel et al., 1994;
Baudouin and Tachon, 1996; Bull et al., 1996; Romero-
Graillet et al., 1996; Sakai et al., 1996; Wang et al., 1996).
The half-life of NO (0.05–1.18milliseconds; Borland, 1991;
Liu et al., 1998; Vaughn et al., 2000) is very short, and thus it
was initially regarded as having actions only in close
proximity to its site of production. It is now accepted that
NO can form additional bioactive stable carriers/donors in
the blood and tissues by reacting with sulfhydryl (SH) groups
to form S-nitrosothiols (RSNOs; Stamler et al., 1992). These
regulate proteins by S-nitrosation of specific cysteine residues
(reviewed in Hess et al., 2001). A major proportion of
endogenous NO is also inactivated by oxidation to nitrite and
the more stable nitrate. Using ex vivo skin biopsy specimens,
UVA irradiation has been shown to induce photolysis of
RSNO and nitrite stored in human skin with subsequent high-
output enzyme-independent NO formation. This reaches a
maximum 20minutes after the onset of irradiation (Paunel
et al., 2005).
NO reduces UV-induced apoptosis (noninflammatory cell
death) in mouse dermis and epidermis (Weller et al., 2003),
and a protective role of inducible nitric oxide synthase has
also been shown in endothelial cells in vitro following UVA
irradiation (Suschek et al., 1999). It has been hypothesized
that the rapid enzyme-independent release of NO after UV
irradiation is biologically important and potentially ‘‘bridges
the gap’’ between UV challenge and the enzymatic
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upregulation and activity of inducible nitric oxide synthase,
which is maximal 8–10 hours after irradiation (Paunel et al.,
2005).
The purpose of the this study was to quantify total NO-
related products in human skin in vivo, and determine in vivo
the extent to which NO release could be demonstrated
during UVA irradiation. We used a gas-phase chemilumines-
cence-based technique to measure total NO-related products
at the level of the superficial vascular dermis, epidermis, and
sweat. Tissue sampling was performed by cutaneous micro-
dialysis, epidermal suction blister formation, and anaerobic
sweat collection, respectively.
RESULTS
The concentration of total NO-related products in human saliva
is 10 times greater than that in the superficial vascular dermis,
plasma, and sweat
The concentration of total NO-related products in saliva
(267±194.67mM) was significantly greater than that found in
human superficial vascular dermis (12±5.97 mM), plasma
(27±16.28mM), and sweat (22±9.34 mM) (Figure 1; Table 1).
These findings are consistent with those of Lundberg and
Govoni (2004) who found the mean total NO-related
products concentration of nine subjects to be 294 uM in
saliva and 30 uM in plasma. Ingested nitrate is absorbed from
the gastrointestinal tract into the bloodstream where it mixes
with endogenously synthesized nitrate. Most nitrate is
excreted in urine but some is secreted in saliva, sweat, and
the gastrointestinal tract (Lundberg and Govoni, 2004). The
high salivary concentrations of total NO-related products are
explained by this enterosalivary circulation, in which up to
25% of plasma nitrate is taken up by the salivary glands and
secreted with saliva (Spiegelhalder et al., 1976). Although
mammalian cells cannot reduce nitrate, microorganisms such
as those found on the tongue surface can anaerobically
reduce nitrate to nitrite (Lundberg and Govoni, 2004). On
passing to the stomach acidification of nitrite releases large
amounts of NO and other reactive nitrogen intermediates.
Nitrate accounts for the majority of the total NO-related
products in saliva, plasma, sweat, and epidermis
In all biological samples in which individual NO-related
products were quantified nitrate was found to be the
predominant species. 60–75% of plasma, saliva, and sweat
total NO-related products were nitrate, with the majority of
the remainder being nitrite (Figure 2). A similar proportional
split between nitrate and nitrite was observed when measur-
ing individual NO-related products in epidermal suction
blisters and blister fluid (Figure 3). Epidermal suction blister
data are shown as mmolmg1 protein and therefore not
directly comparable to the other biological species measured.
Paunel et al. (2005) are the only other group to have
measured NO-related products in human skin. In contrast to
our data they used frozen sections combining epidermis and
dermis of ex vivo human skin specimens. Following
adjustment of our data to mM with equivalent protein
concentrations, our results are consistent with those of
Paunel et al. (Table 1). In addition to analyzing epidermis
from suction blister roofs, blister fluid was also examined for
the concentration of total NO-related products. In contrast to
the epidermis, epidermal suction blister fluid was high in
protein content but contained negligible NO-related products
(Figure 3).
The concentration of total NO-related products in human
plasma corresponds to one-third of the concentration of total
NO-related products in sweat and two-thirds of the
concentration of total NO-related products of the superficial
dermis
The concentration of total NO-related products in human
sweat and plasma was measured in 10 subjects, and in the
superficial vascular dermis and plasma in 18 subjects.
Regression analysis suggests that the concentration of NO-
related products in plasma influences the concentration of
NO-related products found in sweat (R2¼0.34; Figure 4a)
and in the superficial dermis (R2¼0.62; Figure 4b). Paunel
et al. (2005) demonstrated a correlation between the
concentration of nitrite and RSNOs in the skin and the
formation of NO from the skin within 20minutes of exposure
to UVA. Our data thus suggest that NO-related products in
plasma may be linked to an individual’s response to UVA
exposure.
The concentration of total NO-related products in the resting
dermis may vary between individuals
Cutaneous microdialysis was used to quantify aqueous NO-
related products in the superficial vascular dermis in vivo.
Over a 90minutes period of sampling, using normal saline
(NaCl) as dialysate fluid, the concentration of total NO-
related products showed minimal variation within subjects
(Figure 5). There was however an approximately fourfold
interindividual variation in total NO-related products of the
superficial dermis (median 10.49 mM nitrite, interquartile
range 6.3 mM nitrite; Figures 1 and 5), which is consistent
with the known wide variation in levels of tissue NO-related
products observed following nitrite and nitrate intake
(Gladwin et al., 2005).
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Figure 1. Total NO-related products in human superficial vascular dermis,
plasma, saliva, and sweat. A technique of gas-phase chemiluminescence was
used to quantify total NO-related products in biological samples from four
different sites. Superficial vascular dermis was sampled using the technique of
cutaneous microdialysis and sweat was sampled using an anaerobic method
of sweat collection. Box plots represent median and interquartile range, ’
maximum and minimum values, K median.
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UVA irradiation increases the yield of aqueous NO-related
products from the superficial vascular dermis. This is reduced
by local vasoconstriction.
The yield of aqueous NO-related products from the super-
ficial dermis was lower on dialyzing with noradrenaline
(NAd) than NaCl. UVA irradiation significantly increased the
yield of total NO-related products from the dermis after
30minutes when NaCl was used as a dialysate, but this was
abrogated when NAd was used as a dialysate. Mean total
NO-related products of the superficial dermis during irradia-
tion: unirradiated NaCl 12.49±0.64 mM, irradiated NaCl
15.50±0.93 mM, unirradiated NAd 11.12±1.02 mM, and
irradiated NAd 12.45±0.65 mM (Figure 6a). The cumulative
concentration of total NO-related products during the period
of irradiation was significantly higher in the irradiated than
unirradiated skin when dialyzed with NaCl, but there was no
significant difference in NAd dialyzed skin (Figure 6b). These
findings suggest that the superficial dermal vasculature is
important in the delivery of NO and NO-related products to
the skin following UVA exposure.
UVA exposure induces NO release within the superficial
vascular dermis that is maximal 30minutes after the onset of
exposure
When NaCl is used as a dialysate there is a significant
increase in aqueous NO-related products 30minutes after the
onset of UVA irradiation (30 J cm2; Figure 7). Paunel et al.
(2005)examined the impact of UVA on NO production in ex
vivo human skin specimens and skin homogenates and
demonstrated NO release maximal 20minutes after the onset
Table 1. Summary of the concentration of NO-related products found at different sites and comparison with
published data
Total NO-related products Nitrate Nitrite RSNOs and RNNOs
Measured using nitrite standards (mM)
Saliva (n=10) 267.13 197.38 69.55 0.21
Plasma (n=10) 27.38 20.60 6.59 0.20
Sweat (n=10) 21.97 13.13 8.66 0.19
Superficial dermis (NaCl, n=18) 12.31 Not measured Not measured Not measured
Saliva (Lundberg and Govoni, 2004) 294.03 190.00 104.00 0.03
Plasma (Lundberg and Govoni, 2004) 30.13 30.00 0.12 0.01
Sweat (Weller et al., 1996) 43.12 39.70 3.42 Not measured
Measured as mmol nitrite/mg protein
Epidermis 0.028915 0.027815 0.000837 0.000289
Epidermal suction blister fluid 0.003578 0.003082 0.000493 0.000005
Epidermis adjusted to compare with Paunel data (mM nitrite) 278.15 8.37 2.89
Epidermis and dermis(mM nitrite) (Paunel et al., 2005) 82.4 5.1 2.6
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Figure 2. The proportion of individual NO-related products found in human
saliva, plasma, and sweat. NO-related products were quantified using gas-
phase chemiluminescence. Nitrate is the predominant NO-related product
contributing to 60–75% of the total, nitrite makes up the majority of the
remainder (24–39%), negligible amounts of RS/NNOs were found (0–1%).
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Figure 3. Suction blister fluid contains negligible NO-related products
compared to epidermis. NO-related products in human epidermis and
epidermal suction blister fluid were quantified using gas-phase
chemiluminescence. Epidermal suction blister fluid contains negligible NO-
related products in contrast to epidermis (mean total NO-related products
epidermis 0.03±0.03mmolmg1 protein, mean total NO-related products
suction blister fluid 0.004±0.007 mmolmg1 protein), n¼ 10, error
bars¼ SEM.
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of UVA exposure (40 J cm2). Both our in vivo results and the
ex vivo results of Paunel et al. are consistent, and suggest that
UVA exposure results in photolysis of NO stores in human
skin and the acute release of NO. This process is maximal
20–30minutes after the onset of UV exposure, corresponding
to 30–40 J cm2.
DISCUSSION
It is widely accepted that NO-related products in the form of
nitrate, nitrite, and RSNOs are important storage forms of
NO, the latter two offering potential sources of recyclable
bioactive NO (Lundberg and Govoni, 2004; Rassaf et al.,
2004). Nitrite has been shown to act as a signaling molecule
in its own right (Bryan et al., 2005), and can also provide a
bioavailable pool of NO during periods of hypoxia and
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Figure 4. The relationship between plasma NO-related products and sweat
or superficial dermal NO-related products. NO-related products were
quantified in human plasma and sweat (n¼ 10) and in plasma and superficial
dermis (n¼ 18). (a) Regression analysis suggests that one-third of the
concentration of NO-related products in sweat is determined by the
concentration of NO-related products in an individual’s plasma (R2¼ 0.34).
(b) A stronger relationship is suggested by plasma and superficial dermis
where it appears that two-thirds of the concentration of NO-related products
in the superficial dermis is determined by the concentration of NO-related
products in an individual’s plasma (R2¼ 0.62).
0
5
10
15
20
25
30
35
40
0 10 20 30 40 50 60 70 80 90D
er
m
al
 to
ta
l N
O
-re
la
te
d 
pr
od
uc
ts
(μM
)
Time (minutes)
100
Figure 5. Aqueous NO-related products in the superficial dermis over a
90minute period of sampling. Cutaneous microdialysis was used to sample
aqueous NO-related products in the superficial dermis of 18 different
subjects. NaCl was infused at 2mlmin1 and dialysate analyzed in 15minutes
aliquots. Following a nitrate reductase step NO-related products were
quantified using gas-phase chemiluminescence. Mean dermal concentration
of NO-related products is represented byE. Mean 12.31±5.97 mM nitrite,
error bars¼ SEM.
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Figure 6. NO-related products in the superficial dermis following UVA
exposure, with comparison between NaCl and NAd as dialysate. Cutaneous
microdialysis was used to sample aqueous NO-related products from the
superficial vascular dermis. NO-related products were quantified using gas-
phase chemiluminescence following a nitrate reductase step and using nitrite
standards. At 30minutes after the onset of dialysate collection, irradiation was
commenced with UVA for a further 60minutes (60 J cm2). Both NaCl
(n¼18) and NAd (n¼ 12) were used as dialysate to assess the influence of the
local vasculature on the yield of NO-related products. (a) Mean total NO-
related products of superficial dermis measured every 15minutes:
unirradiated NaCl 12.49±0.64 mM (n¼ 18), irradiated NaCl 15.50±0.93 mM
(n¼14), unirradiated NAd 11.12±1.02mM (n¼ 12), irradiated NAd
12.45±0.65 mM (n¼ 11). (b) Mean sum of NO-related products of all
15minute aliquots collected during period of irradiation: unirradiated NaCl
51.95±23.61 mM, irradiated NaCl 64.95±34.90 mM, unirradiated NAd
50.93±26.27 mM, irradiated NAd 51.74±30.50 mM. *Po0.05 on comparison
of unirradiated with irradiated using NaCl as dialysate, error bars¼ SEM.
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ischemia (Zweier et al., 1995; Wink et al., 1996). RSNOs
have also been implicated as important storage and transport
systems for NO. Low molecular weight RSNOs exert NO-like
activity in vivo (Ignarro et al., 1981) and circulating RSNOs
can release NO when required (Rassaf et al., 2004). The
relative importance of nitrite and RSNOs in NO bioactivity
continues to be debated, in part fueled by the different
methods used to quantify these species in blood and tissues.
A wide range of basal nitrite concentrations in human plasma
have been reported, from undetectable to 26 mmol l1, but the
majority fall in the nmol l1 range (Meulemans and Delsenne,
1994; Gorenflo et al., 2001; Moriel et al., 2001; Rassaf et al.,
2002; Lundberg and Govoni, 2004; Rocks et al., 2005;
Pelletier et al., 2006). A similar variation exists for
documented quantities of RSNOs in human plasma from
undetectable to 930 nM (Rocks et al., 2005). The principal
explanation for the continued debate regarding the contribu-
tion of individual nitroso species to normal physiology and
pathophysiology lies in the lack of sensitive assays for their
detection and the influence that proteins, varying redox
conditions, and trace contamination with nitrite may have on
these assays.
Chemiluminescence-based detection is a method of
quantifying NO-related products that is simple, sensitive,
reproducible, and suitable for the analysis of a high number
of samples within a short period of time (Marley et al., 2000).
It was thus ideal for the purpose of our experiments.
Nanomolar levels in basal RSNO concentration have been
found in human plasma using the same chemiluminescence
method as we employed (Marley et al., 2000). Kleinbongard
et al. (2003) compared three different detection methods
including chemiluminescence, an HPLC technique and flow
injection analysis, and demonstrated similar concentrations
of NO-related products across species with all three methods.
We have demonstrated that in human epidermis and in
sweat on the skin surface nitrate is the predominant NO-
related product, followed by nitrite, with only very low
concentrations of RSNOs being present. Both nitrate and
nitrite are available from exogenous and endogenous
sources. Green leafy vegetables make up 60–80% of the
daily nitrate intake of those on a typical Western diet (Ysart
et al., 1999) whereas nitrite is used as a preservative for meat
and fish (Lundberg et al., 2004). The main endogenous source
of nitrate and nitrite is the L-arginine–NO pathway, which is
constitutively active in all cell types in the body. L-arginine is
converted to NO by inducible nitric oxide synthase, an
enzyme which is upregulated in human skin 8–10 hours after
UV exposure (Kuhn et al., 1998). Nitrite can also be
generated from commensal bacteria in the digestive system
by nitrate reduction. An enterosalivary recirculation pathway
exists, with 25% of all circulating nitrate being taken up by
the salivary glands and secreted in saliva. The oral cavity
contains large numbers of nitrate-reducing bacteria, with the
result that saliva is the main source of plasma nitrite
(Benjamin et al., 1994). Lundberg and Govoni (2004) have
demonstrated that dietary nitrate ingestion influences both
plasma nitrate and nitrite but not RSNO levels. Analysis of
our data suggests that the concentration of NO-related
products in an individual’s plasma will influence the
concentration of NO-related products found in their sweat
and superficial vascular dermis. Thus, dietary nitrate may
offer a source for manipulation of cutaneous NO-related
products.
Historically, evidence for the existence of stored forms of
NO dates back to experiments performed in the 1950s on the
relaxant effect of light on vascular smooth muscle (Furchgott
et al., 1961). Photorelaxation in rabbit aorta was shown by
Furchgott et al. to peak near 310 nm with a shoulder near
350 nm. The role of nitrite in photorelaxation was implicated
when a dominant peak was shown at 355 nm following
incubation with nitrite (Furchgott, 1971). More recently,
Rodriguez et al. (2003) have shown that in rat vascular tissue
RSNOs, RNNOs, and nitrite have photoactivity in vitro but
nitrate shows no appreciable activity. They calculated the
action spectra for NO release from RSNOs to be 310–340nm
and from nitrite 310 and 350nm.
It has been hypothesized that NO-related products stored
in human skin may be involved in the acute response to UV
(Paunel et al., 2005). Paunel et al. demonstrated formation of
NO due to photodecomposition of nitrite and RSNOs
maximal within 20minutes of UVA exposure of ex vivo
full-thickness human skin (Paunel et al., 2005). We have now
demonstrated this effect in human skin in vivo with
cutaneous microdialysis. Dialysate sampling of the super-
ficial vascular dermis revealed an increase in NO-related
products maximal 30minutes after exposure to a biologically
relevant dose of UVA1 (30 J cm2). Gaseous NO released
within the dermis will undergo oxidative decomposition on
entering the extracellular vascular space forming aqueous
nitrite. Although both RSNOs and nitrite will release NO in
the UVA spectrum, the relative concentrations of nitrite and
RSNOs that we demonstrated in human skin suggest that
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Figure 7. NO-related products in the superficial dermis following UVA
exposure using NaCl as dialysate. Cutaneous microdialysis, using NaCl as
dialysate, was used to sample aqueous NO-related products in the superficial
dermis. Total NO-related products were quantified using gas-phase
chemiluminescence following a nitrate reductase step and using nitrite
standards. Data are normalized to the 30minute collection values that
represent the time at which UVA exposure commenced. UVA exposure
results in a gradual increase in aqueous NO-related products measured in the
superficial dermis. This increase is maximal 30minutes after the onset of
exposure (30 J cm2); n¼14, error bars¼ SEM, *Po0.05.
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nitrite is likely to be the predominant photoactive NO-related
product. NO may play an anti-apoptotic role in human skin
following UVR (Suschek et al., 1999, 2003; Weller et al.,
2003) and it is likely that cutaneous NO-related products
offer an immediate enzyme-independent source of NO,
allowing protection within 30minutes of exposure to UVR.
As proposed by Paunel et al. (2005), this enzyme-indepen-
dent NO release bridges the time gap following UV exposure
before the upregulation of inducible nitric oxide synthase and
enzyme-dependent NO release is maximal.
Interindividual variation in the concentration of NO-
related products in human saliva, plasma, sweat, epidermis,
and superficial vascular dermis was seen in our subjects and
was similar in each of the different biological samples.
Gladwin (Gladwin et al., 2005) has suggested that the
majority of nitrite in tissues originates from the exogenous
intake of nitrite and nitrate and not from endogenous sources,
thus resulting in great variation in tissue nitrite levels with
nitrate and nitrite intake. In contrast plasma levels of nitrite
vary only slightly suggesting the existence of regulatory
pathways in blood (Bryan et al., 2005).
Enzyme-dependent NO production occurs in all cell types
of human skin by at least one of the three NO synthase
isoenzymes. NO is produced constantly by the endothelium
at 4 nM per second (Marley et al., 2001). We have confirmed
the presence of NO-related products in the dermis and
epidermis but have not isolated the storage site to a particular
cell type. On exposure to UVA a significant increase in
aqueous NO-related products is detected by cutaneous
microdialysis, and this increase is reduced in the presence
of a local vasoconstrictor. Both nitrite and RSNOs are
transported in the bloodstream and are susceptible to
photolysis by UVA. We suspect that much of the observed
increase in NO-related products following UVA exposure
comes directly from the vasculature, but with locally bound
stores also contributing. Hypertension and ischemic heart
disease both correlate with latitude (Fleck, 1989; Rostand,
1997), increasing in incidence with distance from the
equator. Much of this is probably due to racial and dietary
factors, and a correlation has been also recently shown
between UV-induced vitamin D synthesis and reduced
ischemic heart disease (Wang et al., 2008). Our data,
showing UV release of skin-bound NO-related products,
suggest this as an alternative mechanism by which UV
exposure may have beneficial cardiovascular effects.
We present data that confirm and quantify the presence of
NO-related products both in human epidermis, superficial
vascular dermis and skin surface sweat. These species have
the capability of releasing NO, and we have demonstrated
such release within 30minutes of UVA exposure. We believe
these findings to be of great significance, in the context of the
skin as the largest ‘‘organ’’ of the human body (10–20 dm3),
which thus offers a considerable store. We believe that
enzyme-independent NO release is an acute mechanism
preventing UV-induced keratinocyte apoptosis (Paunel et al.,
2005). It is known that NO-related products in plasma can be
influenced by dietary intake of nitrate and we have
demonstrated a relationship between the concentration of
NO-related products in plasma and that of the superficial
vascular dermis and sweat. We postulate that an individual’s
dietary consumption of green leafy vegetables may in part
influence their cutaneous response to UVR.
MATERIALS AND METHODS
Study volunteers
Three individual studies were performed, each using healthy
volunteers, none of whom were using either topical or systemic
medications at the time of the study. All studies were approved by
the Lothian Regional Ethics Committee and were conducted
according to the Declaration of Helsinki Principles. Written consent
was obtained from all subjects. Ten subjects participated in the study
to quantify NO-related products in epidermal suction blisters (age
range 22–41 years, three men) and a further ten subjects in the study
to quantify NO-related products in human sweat, plasma, and saliva
(age range 20–29 years, six men, three women). Eighteen subjects
participated in the study to quantify NO-related products in the
superficial vascular dermis. Fourteen of these also underwent UVA
irradiation during cutaneous microdialysis and eight had plasma
nitrite measured at the time of their microdialysis (age range 20–50
years, 4 men, 14 women).
Chemiluminescence assay for nitrate, nitrite, and RSNOs in
biological samples
Total concentration of NO-related products and individual concen-
trations of nitrate, nitrite, RSNOs, and RNNOs were quantified in
samples of epidermal homogenate, sweat, saliva, and plasma. All
samples were frozen at 70 1C immediately after collection, and
analyzed within 3 days. Cutaneous microdialysis samples were
analyzed within 24 hours of collection for total, but not individual,
NO-related products, due to the small sample volume. Unless
otherwise indicated samples were kept on ice in the dark during
processing. Epidermal suction blisters were stored in N-ethylmalei-
mide (NEM)/EDTA/trypsin before analysis (final concentration 5mM/
2mM/1). Suction blister fluid, sweat, blood, and saliva samples
were stored in NEM/EDTA (final concentration 5mM/2mM). NEM
alkylates free thiols and stabilize RSNOs preventing any further S-
nitrosation (Marley et al., 2000). EDTA forms inert complexes with
transition metals, several of which can accelerate RSNO degradation
even at low concentration (Mcaninly et al., 1993).
Nitrate, nitrite, RSNO, and RNNO concentrations were deter-
mined by reductive denitrosation with an iodide/triiodide containing
reducing mixture and subsequent measurement of the gaseous NO
released by its chemiluminescent reaction with ozone (O3), as
described by Feelisch et al. (Marley et al., 2000; Feelisch et al.,
2002). Samples (volume 10–100 ml) were introduced using a gastight
syringe (SGE International Pty Ltd, Ringwood, Australia) into a sealed
reaction vessel containing the reducing mixture of 45mmol l1
potassium iodide and 10mmol l1 iodine in glacial acetic acid. A
constant flow of nitrogen gas was bubbled through the reaction
vessel that was maintained at a temperature of 60 1C in a
thermostatically controlled water bath (Grant Instruments (Cam-
bridge) Ltd, UK). The effluent gas was passed through a scrubbing
bottle containing sodium hydroxide (1mol l1; 0 1C) to trap traces of
acid and iodine before transfer into the chemiluminescence meter
(42C NO-NO2-NOX Analyser, Thermo Environmental Instruments
Inc., Franklin, MA). The chemiluminescence meter was connected
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to an analogue–digital signal converter (PowerLab 2/25 ADInstru-
ments, Castle Hill, NSW, Australia) and the output processed by
PowerLab System Chart and Scope for Windows (v5.1.1; ADInstru-
ments).
Before analysis of each batch of biological samples, a range of
nitrite standards (Sodium nitrite, AnalR; BDH Chemicals Ltd, UK)
were injected into the reaction vessel to calibrate the gaseous NO
released as equivalent nitrite concentration. Assay reproducibility
was determined by comparison of the peak area from each of the
nitrite standards (1 103–1 108mmol) measured in triplicate.
Nitrite standards were analyzed at the beginning and end of each set
of biological samples to ensure reproducibility throughout the period
if analysis. Nitrite standards were replaced every 2 weeks and new
standards compared with the old before discarding the latter. All
gastight syringes were washed out with acetone between sample
batch analysis to minimize nitrite and organic contaminants. Control
solutions of NEM/EDTA were analyzed for contamination with NO-
related products where appropriate.
Without having to change reduction mixture or conditions,
nitrate, nitrite, RSNOs, and RNNOs can be differentiated by
pretreatment with group-specific reagents before analysis according
to the technique of Feelisch et al. (2002).
Nitrite assay. Nitrite measurements were made by dividing
samples into two aliquots. Direct injection of one aliquot into the
triiodide-reducing mixture measured NO derived from nitrite,
RSNO, and RNNO. Sulfanilamide reacts specifically with nitrite to
form a stable diazonium ion which is unaffected by the reducing
mixture. The second aliquot was pretreated with 10% (v/v) of a 5%
solution of sulfanilamide in 1 N HCl (final concentration
29mmol l1) and incubated for 15minutes at room temperature.
Subtracting pretreated aliquot-derived NO from the untreated
aliquot-derived NO gave the amount of nitrite.
RSNO assay. Incubation with HgCl2 results in cleavage of the
S–NO bond (Saville reaction; Feelisch et al., 2002) without affecting
peak shape or recovery of nitrite or NO. RSNO concentration in
each sample was quantified by subtraction of the peak area of
sample aliquots pretreated with a solution of sulfanilamide and
mercuric chloride at room temperature for 30minutes (10% (v/v) of
5% sulfanilamideþ 0.2% HgCl2 in 1 N HCl (final concentration
7.3mmol l1) from that of sample aliquots just treated with
sulfanilamide at room temperature for 15minutes (10% (v/v) of 5%
sulfanilamide in 1 N HCl).
RNNO or metal nitrosyls assay. The peak remaining after
preincubation with HgCl2/sulfanilamide/H
þ represents the presence
of RNNOs or metal nitrosyls in the sample.
Nitrate assay. Nitrate was reduced to nitrite by enzymatic
reduction (Schmidt and Kelm, 1996). A 1:30 mix of nitrate reductase
solution/biological sample was incubated at 37 1C for 15minutes.
The nitrate reductase solution was premixed using Aspergillus
purified nitrate reductase (final concentration 0.1Uml1) (Sigma-
Aldrich, Germany), flavine adenine dinucleotide (final concentration
5mM) (Sigma-Aldrich), and reduced b-nicotinamide adenine dinu-
cleotide phosphate (final concentration 0.03mM; Sigma-Aldrich) in
double-distilled water. The amount of nitrate was quantified by
subtracting the peak area of the untreated aliquot from that of the
aliquot pretreated with nitrate reductase solution.
Epidermal suction blister harvest and homogenization
Up to 10 epidermal suction blisters were formed on the volar
forearm of each volunteer using two suction blister cups (dermovac;
Ventipress Oy, Lappeenranta, Finland). Each cup creates five 5mm
diameter blisters, with the split occurring at the dermoepidermal
junction. Epidermal suction blister fluid was removed using a sterile
1ml insulin syringe (BD Plastipak) and the blister cavity filled with
Xylocaine 1% with epinephrine 1:200.000 (AstraZeneca Ltd, Luton,
UK). The blister roof was harvested aseptically using fine scissors.
Epidermal suction blister samples were placed immediately into
ceramic bead beating tubes (CK-14; Stretton Scientific Ltd, Stretton,
UK) containing NEM/EDTA/trypsin. Epidermal suction blister fluid
was placed immediately into eppendorfs containing NEM/EDTA. A
Precellys 24 homogenizer (SS-Bertin-01; Stretton Scientific Ltd) was
used to homogenize the epidermal suction blister samples; two
cycles with a 3minute break (on ice) at 5,500 r.p.m. per minute (a
cycle consists of three 20 seconds active periods with 30 seconds rest
between each). After homogenization, samples were centrifuged and
supernatant transferred into eppendorfs for storage before nitroso
species quantification.
Saliva and plasma collection
One hour before commencing sweat collection and cutaneous
microdialysis, samples of venous blood (5ml) were taken from each
subject. Samples of saliva (3ml) were also taken from subjects
attending for the sweat study. Blood and saliva samples were stored
in NEM/EDTA solution and centrifuged immediately at 1,300 g for
8minutes. Supernatants were collected and stored at 70 1C for a
maximum of 3 days before analysis.
Sweat collection
An anaerobic method of sweat collection was used that allows for
the collection of relatively large volumes of sweat with minimal
epidermal contamination (Boysen et al., 1984). Sweat samples were
collected into eppendorfs containing NEM/EDTA and stored at
70 1C for a maximum of 3 days before analysis.
Cutaneous microdialysis and UVA exposure
Dermal microdialysis catheters were used to measure the concen-
tration of NO metabolites within the superficial dermis and to
quantify NO release following UV exposure. Two sites, one on the
volar aspect of the forearm and the second on the flexor aspect of the
upper arm, were anesthetized with topical 5% EMLA cream applied
for 1 hour. Using the Seldinger technique and a 23-gauge needle (BD
Microlance, 0.6mm 2.5mm; BD Consumer Healthcare, Franklin
Lakes, NJ), four microdialysis catheters were inserted into the
superficial dermis parallel with the skin surface at each of the two
anesthetized sites. Normal saline was dialyzed continuously through
two catheters at each site at a rate of 2mlmin1, using 1ml Micro-
Fine insulin syringes (BD Consumer Healthcare) and a microinfusion
pump (PHD 2000 infusion pump; Harvard Apparatus, Holliston,
MA). Nad (1:1,000; Abbott Laboratories Ltd, Kent, UK) was diluted
1:80 with normal saline and dialyzed through the two other
catheters at each site. Dialysate was collected continuously in
15minutes aliquots. Following insertion of the microdialysis
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catheters dialysate was collected for 30minutes before the onset of
UVA exposure. Catheters in the volar forearm were irradiated with
UVA whereas those in the flexor aspect of the upper arm remained
unirradiated. Microdialysis catheters were made by the technique of
Clough (Clough et al., 1998) and sterilized using ethylene oxide.
UV source
The UVA source used was a bespoke cabinet containing a panel of
12 bulbs (Philips TLK 40W/10R R-UVA; Philips, Hamburg,
Germany) emitting a UVA spectrum 350–400 nm, peak 360 nm,
10mWcm2. Volunteers were positioned so that the skin to be
irradiated was parallel to the light source and irradiated for
60minutes (60 J cm2).
Statistics
Data for individual subjects are presented as means of duplicate or
triplicate samples. Box plots showing the median and interquartile
range with points representing maximum, minimum, and mean
values are used to display interindividual variation. Pooled data are
presented as means±standard error of the mean (SEM) and
differences are judged as significant if the P-value was lower than
0.05, as determined by the paired two-tailed Student’s t-test.
Relationships between an independent variable (plasma nitroso
species) and a dependent variable (sweat or superficial dermal
nitroso species) are shown by regression analysis. The proportion of
variation is displayed by the (correlation coefficient)2 (R2). Data
analyses were conducted using Microsoft Excel Software, v5 and
Minitab release 14 for windows.
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